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Summary

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a

heterogeneous condition of unknown aetiology characterized by multiple

symptoms including fatigue, post-exertional malaise and cognitive

impairment, lasting for at least 6 months. Recently, two clinical trials of B

cell depletion therapy with rituximab (anti-CD20) reported convincing

improvement in symptoms. A possible but undefined role for B cells has

therefore been proposed. Studies of the relative percentages of B cell subsets

in patients with ME/CFS have not revealed any reproducible differences

from healthy controls (HC). In order to explore whether more subtle

alterations in B cell subsets related to B cell differentiation exist in ME/CFS

patients we used flow cytometry to immunophenotype CD191 B cells. The

panel utilized immunoglobulin (Ig)D, CD27 and CD38 (classical B cell

subsets) together with additional markers. A total of 38 patients fulfilling

Canadian, Centre for Disease Control and Fukuda ME/CFS criteria and 32

age- and sex-matched HC were included. We found no difference in

percentages of classical subsets between ME/CFS patients and HC. However,

we observed an increase in frequency (P < 0�01) and expression (MFI;

P 5 0�03) of CD24 on total B cells, confined to IgD1 subsets. Within

memory subsets, a higher frequency of CD211CD38– B cells (>20%) was

associated with the presence of ME/CFS [odds ratio: 3�47 (1�15–10�46);

P 5 0�03] compared with HC, and there was a negative correlation with

disease duration. In conclusion, we identified possible changes in B cell

phenotype in patients with ME/CFS. These may reflect altered B cell

function and, if confirmed in other patient cohorts, could provide a

platform for studies based on clinical course or responsiveness to rituximab

therapy.

Keywords: B cells, chronic fatigue syndrome, flow cytometry, human, myal-

gic encephalomyelitis

Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/

CFS) is characterized by multiple symptoms, including

fatigue, post-exertional malaise and cognitive impairment,

which last for at least 6 months. The diagnosis of ME/CFS

is made currently in patients with prolonged fatigue having

many of the additional symptoms in the Canadian, Center

for Disease Control (CDC) and Fukuda diagnostic criteria

[1–3]. The majority of patients with ME/CFS have a history

of documented viral or other infections prior to onset of

their illness [4,5]. This has been suggested to underlie some

of the immunological abnormalities often described in

patients with ME/CFS [6–9]. However, strong evidence for

persistent or chronic infection with microorganisms is

lacking in the majority of patients. The consistency of

results of biomedical research, which has been applied to

the study of ME/CFS, coupled with the wide range of phys-

ical, neurocognitive and autonomic symptoms reported,

have seriously hampered attempts to understand patho-

physiological pathways in ME/CFS.

Differences from healthy controls (HC) have, however,

been suggested by some studies of the immune system. Sev-

eral groups have described a decrease in cytotoxic activity
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of natural killer (NK) and T cells, predominantly by the

reduction of granzyme or perforin levels [10–13], similar

to which is also associated commonly with herpes virus

infections [14]. In contrast, Curriu et al. found an increase

of NKp46 (natural cytotoxicity on NK cells) and CD69

(activation marker) expression on NK cells [15]. Genomic

polymorphisms of killer cell immunoglobulin-like recep-

tors (KIRs) have also been described with an excess of

KIR3DS1 combined with increased levels of ligand-free

KIRDL1, which may hamper the recognition of target

structures of pathogens by NK cells [16].

Cytokine levels in serum and cerebrospinal fluid of ME/

CFS patients, compared with those in HC, have also been

inconsistent [17–22]. As with immune cell phenotype and

function, this may be due to differences in laboratory

methodologies, patient selection, phase of illness as well as

the timing of sampling.

Rather than comparing to HC, Hickie et al. evaluated

cytokine production prospectively (post-infection) in

patients with proven Eptein–Barr virus (EBV) who had

developed ME/CFS compared with those who did not

develop ME/CFS after an EBV infection, but no significant

differences were found [23]. Interestingly, a study by Bro-

drick et al. of adolescent patients developing ME/CFS fol-

lowing infectious mononucleosis (IM) compared with

controls who recovered normally showed an increase in

interleukin (IL)-8 and a decrease in IL-5 and IL-23 cyto-

kines [24]. The IL-8 and IL-5 pattern is also seen in asthma

and in B cell chronic lymphocytic leukaemia (B-CLL)

[25,26]. The most significant difference was the level of IL-

23, which was lower in ME/CFS patients. IL-23 is essential

for the full and sustained differentiation of the inflamma-

tory T helper type 17 (Th17) T cell subset [27].

Focus on the possible involvement of B cells in expres-

sion of ME/CFS was boosted after both investigator- and

patient-reported improvement following B cell depletion

therapy with single treatment and maintenance therapy

using rituximab [28,29]. Response to rituximab-based ther-

apy in autoimmunity is associated usually with the pres-

ence of pathogenic autoantibodies. In ME/CFS, there are a

number of reports of autoantibodies [30–33]. Anti-

muscarinic and anti-adrenergic antibodies have been

described in two studies in some ME/CFS patients [33,34].

Studies of B cell phenotypes in ME/CFS have sometimes

shown differences from HC [35–37]. For example, Klimas

et al. described an elevated proportion of CD20- and

CD21-positive B cells, confirmed by Tirelli et al. in 1994,

and also an increase in absolute numbers of CD19- and

CD5-positive B cells [38,39]. More recently, Bradley et al.

showed significant increases in transitional and naive B cell

subsets compared with HC, but in contrast, naive B cells

were reportedly decreased and memory B cells increased in

another study by Brenu et al. [11,40].

In order to provide a possible platform for studies of B

cell function in patients with ME/CFS we have used a more

extensive panel of phenotypical markers to define B cell

subsets. The aim, therefore, was to investigate the expres-

sion of additional phenotypical markers associated with B

cell maturation, differentiation and activation. Many differ-

ent combinations of surface markers have been used to

identify stages of B cell differentiation in malignancy,

immunodeficiency and autoimmunity: specifically, CD5,

CD23, CD24, CD38, CD27 and immunoglobulin (Ig)D

[40–45].

In this study we have used the mature B cell (Bm)1–

Bm5 classification (IgD/CD38) to identify transitional B

cells, naive B cells, memory populations including post-

germinal-centre cells and plasmablasts, as well as IgD/

CD27 for naive, switched and preswitched memory B cells

[42,46]. Additional markers such as B cell activating factor

(BAFF)-receptor (BAFF-R), CD5, CD21 and CD24 were

also included. This approach has been used in patients

with Sj€ogren’s syndrome [42], but not yet in ME/CFS.

Levels of B cell products including BAFF, soluble CD23

(sCD23), as a measure of acquisition on CD27 phenotype,

serum free light chains (SFLC) as a measure of plasmablast

activity and serum immunoglobulins (IgA, IgG and IgM)

were also measured.

Materials and methods

Patients and HC

Patients diagnosed with ME/CFS fulfilling consensus crite-

ria (Canadian, CDC and Fukuda) were selected for the

study by S. B. (Royal London Hospital of Integrated Medi-

cine) and A. B. (St Helier Hospital NHS Trust). Clinical

assessments were then performed to assess patients’ eligibil-

ity for study inclusion. Patients were informed verbally

about the study and additionally given information sheets

with written informed consent. Medical history (disease

duration, symptoms and co-morbidities) was recorded for

the purpose of the study. At visit, after study inclusion,

data from the Health Assessment and Depression Score

(HADS) were collected. Patients with confirmed auto-

immune disease or receiving immunosuppression were

excluded from the study, as well as those who had a history

of depression (HADS > 21), which was not linked to ME/

CFS. The severity of chronic fatigue symptoms were

assessed using both Bell (The Doctor’s Guide to Chronic

Fatigue Syndrome; 1995) and Cox and Findley (Severe and

very Severe Patients with Chronic Fatigue Syndrome: Per-

ceived Outcome Following and Inpatient Programme; 2000)

scales at visit. HC were age- and sex-matched individuals

recruited from hospital staff, and volunteers among family

and friends of patients without evidence of ME/CFS on the

basis of completed diagnostic criteria questionnaires.

Whole blood and serum samples were available from 38

ME/CFS patients (range 18–71) and 32 age- and sex-
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matched HC (range 16–74); their demographics are pre-

sented in Table 1.

This study has been approved by the NRES Committee

London–City Road and Hampstead Research ethics Com-

mittee (REC reference: 14/LO/0388).

B cell immunophenotyping

Three ml of whole blood was washed twice in phosphate-

buffered saline (PBS) and cells divided over two tubes and

stained for 20 min with fluorescent conjugates of CD19,

CD38 (Biolegend, San Diego, CA, USA) IgD, CD21, IgM,

CD5, CD23 (BD Biosciences, San Jose, CA, USA) CD27,

CD24 and BAFF-R (eBioscience, San Diego, CA). Combina-

tions are shown in Table 2. Erythrocytes were lysed with BD

PharmLyseTM lysing solution, washed twice in PBS and resus-

pended in 2% paraformaldehyde to fix the cells. Finally, cells

were washed and resuspended in PBS and acquired within

24 h on a BD LSR FortessaTM. Gating strategies for IgD/CD27

and IgD/CD38 are shown in Fig. 2. Compensation beads (BD

Biosciences) were used to optimize fluorescence compensation

settings for multi-colour flow cytometric analysis.

Measurement of soluble factors associated with B cell
survival and differentiation

Commercial enzyme-linked immunosorbent assay (ELISA)

kits were used to measure serum sCD23 and BAFF/BLyS

levels (R&D Systems Europe Ltd, Abingdon, UK); the nor-

mal range and upper limit of normal range given by the

manufacturers was 1235–5024 pg/ml and <1�8 ng/ml,

respectively. Both j and k SFLC (normal ranges 3�3–

19�4 mg/l and 5�7–26�3 mg/l, respectively) and serum total

immunoglobulins IgA (normal range 0�9–5�0 g/l), IgG

(normal range 6�1–16�2 g/l) and IgM (normal range 0�4–

2�4 g/l) were measured by Binding Site (Birmingham, UK)

using their in-house methods and reference values.

Statistics

Comparisons of levels of serum factors and B cell phenotypes

(both frequency and expression) between patients and HC

were made using non-parametric tests (Mann–Whitney U-

test), and linear regression (Pearson’s correlation coefficient)

using GraphPad Prism version 6 (GraphPad, San Diego, USA,

USA) with a significance level of 5%. Odds ratios [95% confi-

dence interval (CI)] were calculated from the 3 3 2 contin-

gency table based on tertiles of the distribution.

Results

Patients and serology

Demographics of ME/CFS patients and HC and measures

of serum analytes are shown in Table 1. Patients with respi-

ratory or other infections at visit were excluded from the

study. The majority of patients were of moderate severity,

as assessed by their referring clinician (S. B. and A. B.).

Table 1. Patient demographics and serology: healthy controls (HC) versus myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) patients.

HC (n 5 32) ME/CFS patients (n 5 38) P-value

Mean age in years (range) 39 (16–74) 40 (18–71) 0�79†

Percentage female 59�4 64�9 n.a.

Serology Median (range) P value

BAFF (ng/ml) 0�3 (0�2–1�7) 0�3 (0�2–0�9) 0�39

sCD23 (pg/ml) 2479 (927�2–6679) 1946 (740�7–5663) 0�48

j SFLC (mg/l) 12�6 (6�0–39�3) 12�5 (6�4–28�2) 0�85

k SFLC (mg/l) 9�9 (5�9–25�2) 9�4 (2�0–107�7) 0�86

j/k SFLC ratio 1�2 (0�7–2�9) 1�3 (0�1–2�2) 0�73

IgA (g/l) 2�5 (0�8–5�1) 2�6 (0�8–5�9) 0�54

IgG (g/l) 10�8 (6�8–18�7) 12�8 (7�5–22�4) 0�02*

IgM (g/l) 0�9 (0�4–2�0) 1�2 (0�3–4�9) 0�07

Normal reference ranges: B cell activating factor (BAFF) (<1�8 ng/ml); soluble CD23 (sCD23) (1235–5024 pg/ml); j serum-free light chains

(jSFLC) (3�3–19�4 mg/l); kSFLC (5�7–26�3 mg/l); j/k SFLC (0�3–1�7); immunoglobulin (Ig)A (0�9–5–0 g/l); IgG (6�1–16�2 g/l); IgM (0�4–2�4 g/l).
†Mann–Whitney U-test was used to determine differences between HC and ME/CFS patients; n.a. 5 not applicable; *significant (P < 0�05).

Table 2. Antibody panel for whole blood staining.

Tube
1 CD19 IgD CD38 CD27 CD5 CD21 CD24

PE/Cy7 BV421 PerCP/Cy5�5 APC FITC PE APC-eFluor
VR

780

2 CD19 IgD CD38 CD27 CD23 BAFF-R IgM

PE/Cy7 BV421 PerCP/Cy5�5 APC-eFluor
VR

780 FITC PE APC

Ig 5 immunoglobulin; PE/Cy7 5 phycoerythrin/cyanin 7; APC 5 allophycocyanin; FITC 5 fluorescein isothiocyanate; BAFF 5 B cell acti-

vating factor; PerCp 5 peridinin chlorophyll.

B cell phenotype in ME/CFS patients
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There was no significant difference between HC and ME/

CFS patients with respect to age and sex (Table 1).

When serum levels of BAFF, sCD23 and SFLC (ratio j/k)

were compared, no significant differences were found

between ME/CFS patients and HC (Table 1). As shown in

Fig. 1, levels of total serum IgA and IgM were also not dif-

ferent from HC (Fig. 1a,c), but IgG levels in ME/CFS

patients were raised significantly when compared with HC

(P 5 0�02; Mann–Whitney U-test) and seven of 35 had lev-

els above the upper limit of normal range (Fig. 1b).

Classical B cell subsets as defined using IgD, CD27
and CD38

Representative plots of the classical B cell subsets defined by

IgD/CD27 (Fig. 2c) and IgD/CD38 (Fig. 2d) are shown in Fig.

2. As shown in Table 3, no significant differences were found

between frequencies (% CD191 B cells) of all nine B cell sub-

sets and of plasmablasts between ME/CFS patients and HC.

Naive and memory B cell populations assessed by IgD/

CD38 were confirmed by the additional usage of the mem-

ory marker CD27 (Supporting information, Fig. S1). Tran-

sitional (IgD1CD3811) and naive (IgD1CD381) B cells

were low for CD27, while IgD1 memory (IgD1CD38–),

post-GC (IgD–CD381), resting memory (IgD–CD38–) and

plasmablasts (IgD–CD38111) consisted of predominantly

CD271 cells (Supporting information, Fig. S1a). No signif-

icant differences were found between HC and patients with

ME/CFS.

Expression of other markers within IgD/CD38 B cell
subsets

Using IgD and CD38, we thus distinguished between five B

cell subsets and plasmablasts and found no difference

between HC and ME/CFS patients (Table 3). The frequen-

cies of additional B cell markers (BAFF-R, CD21, CD23,

CD5, IgM and CD24) within each subset defined by IgD/

CD38 were then determined.

The frequency of BAFF-R, a principal receptor required

for BAFF-mediated B cell survival in humans mainly of

transitional/naive B cells [47], was found to be present on

the majority of B cells throughout B cell maturation, but is

decreased in post-GC B cells (IgD–CD381) and low on

plasmablasts (IgD–CD38111) (Supporting information,

Fig. S2). No differences were found between HC and

patients with ME/CFS in the five B cell subsets; we found a

significant increase in frequency of BAFF-R in plasmablasts

in patients compared to HC (P < 0�01). However, as the

numbers of plasmablasts were low in both groups, the sig-

nificance of this is questionable.

CD21 (complement receptor, CR2) and CD23 (FceR,

low-affinity receptor for IgE) are both important in B cell

antigen presentation [48,49]. Relative frequencies of CD21

and of CD23 in B cell subsets defined by IgD/CD38 are

shown in Supporting information, Fig. S3a,b. CD21 was

found on most B cell subsets but decreased with differen-

tiation towards the plasmablast stage. CD23 was present in

approximately 50% of naive B cells and decreased rapidly

with differentiation to memory/plasmablast phenotype. No

differences were found between HC and ME/CFS patients

for frequency of CD21- and CD23-positive cells. Although

there was a trend for a higher percentage of CD21-positive

cells in IgD1CD38– B cells, but this was not significant

(P 5 0�09; Supporting information, Fig. S3a). CD5 was

present on most transitional B cells (670%), but in small

numbers on the remaining subsets. CD5 is associated

mainly with the early stages of peripheral B cell

Fig. 1. Serum total immunoglobulin levels in patients with myalgic

encephalomyelitis/chronic fatigue syndrome (ME/CFS) (n 5 38) and

age- and sex-matched healthy controls (HC) (n 5 26).

Concentrations (g/l) of serum immunoglobulins are shown for

immunoglobulin (Ig)A (a), IgG (b) and IgM (c). Each symbol

represents one individual: solid line represents median, shaded areas

show reference ranges given by Binding Site (UK) and P-values are

shown (Mann–Whitney U-test; n.s. 5 not significant).

Fig. 2. B cell gating strategy. Representative plots (using whole blood

from a healthy control) showing (a) lymphocytes selected based on

side-scatter versus forward-scatter in which (b) B cells expressing

CD19 were then selected. In (c) and (d), respectively,

immunoglobulin (Ig)D/CD27 and IgD/CD38 B cell subpopulations

are shown.
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development [50]. No differences were found between HC

and ME/CFS patients (Supporting information, Fig. S4).

IgM is the first immunoglobulin expressed on the surface

of B cells (transitional and naive B cells), and is secreted by

IgD1 and IgM-only memory B cells [42]. Membrane IgM

was therefore confined largely to naive and IgD1 memory

B cells, with no differences in percentages of IgM-positive

cells in any subsets between HC and ME/CFS patients

(Supporting information, Fig. S5). Further, no increased

percentage or expression (mean fluorescence intensity;

MFI) of any additional markers (data not shown) was

found in total CD191 B cells except for CD24.

Expression of CD24 in B cell subsets

CD24 was the only additional marker that showed signifi-

cant differences in total B cells (CD191) in ME/CFS

patients when compared with HC (Fig. 3). After gating for

CD241 cells in total CD191 B cells (Fig. 3a–c), both per-

centage and expression (MFI) of CD24 on total CD191 B

cells [Fig. 3e(a) and (b)] were significantly higher in ME/

CFS patients than HC (P < 0�01 and P 5 0�03, respec-

tively). CD24 is often used to characterize transitional B

cells (CD2411CD3811), as shown in Fig. 3D, and here the

expression of CD24 was also found to be significantly

higher on the patient’s B cells (Fig. 3F; P 5 0�03).

Analyses of the percentage CD191 B cells positive for

CD24 and relative level of expression (MFI) within all sub-

sets, as defined by IgD/CD38, are shown in Fig. 4. Gating

strategy and an example for post-GC B cells selected from

total CD191 B cells are shown in Fig. 4a. In Fig. 4b–g the

percentages (a) and MFI (b) of CD24 on all five B cell sub-

sets and plasmablasts are shown. There was a significantly

increased percentage and MFI of CD24 associated predom-

inantly with subsets co-expressing IgD: namely, transitional

B cells [Fig. 4b(a) and b(b)], naive B cells [Fig. 4c(a) and

c(b)] and IgD1 memory B cells [Fig. 4d(a) and d(b)].

As shown in Table 3, there was no difference in the per-

centage of transitional B cells between ME/CFS patients

and HC using IgD/CD38 classification. Although we have

found CD24 to be significantly different in ME/CFS

patients from HC, these observations require confirmation

in extended or alternative cohorts.

Relationships with disease duration

The frequencies of classical B cell subsets and of CD38

(negative, positive and high positive) and of CD27 (nega-

tive and positive) on B cells were analysed in relation to

age, sex and disease duration. There was a weak negative

correlation between percentage CD38 negative B cells and

disease duration (r2 5 0�15; P 5 0�02) (data not shown).

CD21 was then used to follow differentiation stages within

CD38-negative B cells.

In combination with CD19, the CD19–CD21 complex is

an essential B cell co-receptor that functions synergistically

to enhance signalling through the B cell antigen receptor in

response to T cell-dependent, complement-tagged antigens

[51]. By using CD21 along with CD38, the distribution was

gated from B cells and representative plots of a HC and a

patient are shown in Fig. 5. There was a trend towards an

increase in the CD211CD38– B cell population in ME/CFS

patients, but this was not significant (data not shown). To

compare the relative frequencies of the CD211CD38– pop-

ulation between HC and ME/CFS patients, a cumulative

distribution function (CDF) was performed (Fig. 6a). In

Table 4, tertiles of the distribution of HC and ME/CFS

patients are shown along with odds ratios (95% CI) and

P-values. Comparing the groups by tertile, there was no

difference in risk between the first and second tertile, but

there was a 3�5-fold increase in the odds of ME/CFS

Table 3. Percentage of B cells (CD191) in total lymphocytes and B cell subsets defined by immunoglobulin (Ig)D/CD27 and IgD/CD38 in healthy

controls (HC) and myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) patients.

HC (n 5 32) ME/CFS (n 5 38) P-value

Total B cells (CD191) 4�6 (1�6–13�6)‡ 4�7 (1�0–13�6) 0�80†

B cell subsets using IgD and CD27 (%CD191 B cells)

Naive (IgD1CD27–) 58�6 (32�2–89�9) 57�1 (21�0–86�3) 0�90

IgD1 pre-switch (IgD1CD271) 16�6 (3�6–31�1) 19�1 (1�2–32�8) 0�46

Switched memory (IgD–CD271) 18�0 (1�6–39�0) 17�4 (1�2–47�0) 0�40

Double-negative memory (IgD–CD27–) 4�6 (1�8–20�1) 4�8 (1�4–14�0) 0�99

B cell subsets using IgD and CD38 (%CD191 B cells)

Transitional (IgD1CD3811) 6�7 (1�8–15�0) 6�0 (0�7–6�7) 0�71

Naive (IgD1CD381) 56�2 (34�3–80�20) 54�5 (21�8–77�7) 0�69

IgD1 memory (IgD1CD38–) 11�6 (2�7–22�0) 13�9 (4�8–30�1) 0�12

Post-GC memory (IgD–CD381) 12�1 (3�7–32�2) 9�5 (2�3–26�0) 0�08

Double-negative memory (IgD–CD38–) 7�6 (1�7–20�2) 7�6 (1�6–22�9) 0�63

Plasmablasts (IgD–CD38111) 1�8 (0�3–4�8) 1�2 (0�3–6�8) 0�60

‡Median and (range); †Mann–Whitney U-test was used to compare values of B cells and their subsets in HC and ME/CFS patients.

GC 5 germinal centre.

B cell phenotype in ME/CFS patients
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patients having levels of CD211CD38– B cells of > 20%

(P 5 0�05). When the top tertile was compared to the bot-

tom two tertiles combined (< 20% CD211CD38–) the

odds ratio was 3�27 (1�15–10�46; P 5 0�03). Finally, a weak

association between disease duration and CD211CD38–

was found (Fig. 6b).

Discussion

B cells play an important role in adaptive immunity, pri-

marily by producing antibodies. They are key players in a

wide range of immunological diseases, ranging from

diminished B cell function (primary or secondary immu-

nodeficiences), B cell transformation (leukaemia, lym-

phoma) and production of autoantibodies (rheumatoid

arthritis and myasthenia gravis). In ME/CFS evidence for B

cell dysfunction related to autoimmunity has been limited;

however, an increased incididence of B cell lymphoma

(mainly marginal zone stage) has been associated with pre-

vious history of ME/CFS [52]. In this study we found that

serum total IgG levels were elevated in some patients, as is

often found associated with autoimmunity [53–55], but

this has not been reported in other cohorts.

The most convincing evidence for B cell involvement in

ME/CFS has been from a double-blind placebo-controlled

clinical trial, where 10 of 15 (67%) of ME/CFS patients

receiving the B cell-depleting agent rituximab showed an

improvement in symptoms of fatigue, cognition, pain and

wellbeing compared to the placebo group (two of 15; 13%)

[28]. Similar findings were found after maintenance treat-

ment with rituximab [28,29]. It is unclear whether

response to rituximab implicated a direct role for B cells

through direct interaction with other immune cells or via B

cell products such as antibodies, soluble factors such as

cytokines or as a reservoir of B lymphotrophic viruses such

as EBV. Rituximab is highly effective in the treatment of

CD20-expressing lymphomas and has been used to good

clinical effect in autoimmune diseases associated with pro-

ven (or suspected) pathogenic autoantibodies, for example

by their formation of immune complexes (rheumatoid

arthritis and systemic lupus erythematosus) or by autoanti-

bodies binding directly to cell surface receptors, for exam-

ple acetylcholine receptors (myasthenia gravis) [56,57].

Whether it is beneficial in ME/CFS by removing as-yet

unidentified autoantibodies, for example the recently

described anti-muscarinic receptor antibodies [34] or by

other means, is not yet known.

Fig. 3. Frequency and expression of CD24 on B cells in patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) (n 5 36)

and age- and sex-matched healthy controls (HC) (n 5 32). Representative plots (using whole blood from a HC) showing (a) lymphocytes

selected based on side-scatter versus forward-scatter in which (b) B cells expressing CD19 were then selected. (c) CD24 expressing CD191 B cells

were selected and (d) CD191 B cells were plotted for CD24 and CD38 to identify transitional B cells (CD2411CD3811). In (e), part (a)

frequency (%) and in (e) part (b) expression mean fluorescence intensity (MFI) of CD241 B cells on CD191 B cells are shown. In (f) expression

(MFI) of CD24 on CD2411CD3811 transitional B cells is shown; each symbol represents one individual: bar represents median and P-values are

shown (Mann–Whitney U-test).
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Previous studies exploring B cell phenotypes in ME/CFS

patients have not shown consistent differences when com-

pared with HC [38–40,58]. Using the classicial B cell

markers IgD, CD27 and CD38 to delineate B cell subsets in

ME/CFS patients, we did not find a difference (%CD19

and MFI) when compared with HC, confirming studies by

Curriu et al. In addition, the frequency and expression of

BAFF-R, CD5, CD23 and IgM within IgD/CD38-defined

populations were also found to be similar to HC. However,

we found an increase in both frequency and expression of

CD24 on total B cells (CD191), which was confined to sub-

sets positive for IgD (associated with early B cell subsets

plus IgD1 memory). The MFI of CD24 on transitional B

cells, defined by CD24/CD38, was also increased relative to

HC, but frequencies were similar. CD24 is a glycoprotein

adhesion molecule expressed on the surface of most B cells

and differentiating neuroblasts [59]. It is used most exten-

sively as a marker for transitional B cells, and is also

expressed on metabolically active naive B cells and, to a

lesser extent, in terminally differentiated cells such as mem-

ory B cells and plasmablasts. Interestingly, CD24-deficiency

in CD24 knock-out mice resulted in the reduction in late

pre-B and immature B cell populations in the bone mar-

row, but the functional consequences of increased expres-

sion have not been studied [60–62]. CD24 is highly

polymorphic in humans, with some polymorphisms associ-

ated with increased risk and progression of autoimmune

diseases including multiple sclerosis, rheumatoid arthritis,

and systemic lupus erythematous [63–68]. CD24 can also

be over-expressed in many cancers, including B cell lym-

phomas, and appears oncogenic [59]. So far, no single

nucleotide polymorphisms (SNPs) or polymorphisms in

CD24 have been related to ME/CFS. A study by Fujimoto

et al. found that cross-linking CD24 induces apoptosis in

Burkitt’s lymphoma cells, which share similar characteris-

tics with GC B cells [69]. The relative strength of antigen

binding to the B cell receptor (BCR) largely determines B

cell survival, together with context-dependent signals from

T cells and cytokines, but other stimuli mediated by co-

stimulatory molecules such as CD24 work in synergy with

the BCR, perhaps changing the stringency of autoreactive B

cell selection and expansion.

Fig. 4. Frequency and expression of CD24 on B cell subsets in patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)

(n 5 36) and age- and sex-matched healthy controls (HC) (n 5 32). (a) Gating strategies used to identify six B cell subsets as defined by

immunoglobulin (Ig)D/CD38 and then selected for CD24 are shown (representative plots from a HC). (b–g) For each subset CD24 (a) frequency

(%) and (b) expression [mean fluorescence intensity (MFI)] are shown. (b) Transitional B cells; (c) naive B cells; (d) IgD1 memory B cells; (e)

post-germinal centre (GC) B cells; (f) resting memory B cells; and (g) plasmablasts. Each symbol represents one individual: bar represents

median and P-values are shown (Mann–Whitney U-test; n.s. 5 not significant).
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We also found differences from HC in the percentages of

CD38– memory B cells, which were positive for CD21. The

frequencies of these cells were predominantly CD271 and

associated weakly with disease duration. A high percentage

of this memory B cell population was also associated with

the presence of ME/CFS, with a significantly increased rela-

tive risk. A study in macaque monkeys has shown that

CD211CD271 B cells produce antibodies by polyclonal

activation [pokeweed mitogen (PWM), protein A and

CpG2006] without T cell help and also that this memory B

cell population was able to proliferate at a higher rate than

other B cell subpopulations [70]. Further studies of func-

tional properties in ME/CFS need to be investigated to

determine the importance or otherwise of these findings.

There is a general consensus that the pathophysiology of

ME/CFS involves the central nervous system with changes in

neural signalling, which persist throughout the course of the

illness. Metabolic abnormalities such as changes in mitochon-

drial function in muscle and other tissues are also well

described in these patients [71–73]. Immune system involve-

ment in the periphery in the form of autoantibodies or cyto-

kines could therefore underlie chronic changes to the central

nervous system by dysregulating neural pathways.

Recently, Hornig et al. reported disturbed immune sig-

natures in the cerebrospinal fluid of ME/CFS cases consist-

ent with immune activation in the central nervous system,

and a shift towards an allergic or T helper type 2 pattern

[20]. The same group reported that there was a dissociation

of intercytokine regulatory networks in ME/CFS cases

where CD40L was found to be decreased and interferon

(IFN)-a increased in patients with a disease duration of 3

years or less compared to those with > 3 years history and

also with HC [21]. These findings were suggested to be the

consequences of immune triggering following an infection.

An important difference between ME/CFS and estab-

lished diseases is the absence of clear symptom-based ‘bio-

markers’ which can be compared with control groups.

Because ME/CFS is highly heterogeneous, it might there-

fore be more productive to identify possible subgroups of

patients both for the purpose of research and to target ther-

apeutic interventions.

Conclusion

ME/CFS is a complex condition, but this preliminary study

using additional combinations of B cell surface markers,

Fig. 5. Distribution of CD211CD382 B cells in healthy controls

(HC) and myalgic encephalomyelitis/chronic fatigue syndrome (ME/

CFS) patients. Representative plots (using whole blood from a HC)

showing (a) lymphocytes selected based on side-scatter versus

forward-scatter and (b) B cells expressing CD19. In (c) and (d)

relative expression of CD211CD382 on B cells within the CD191

gate are shown for a HC and a ME/CFS patient, respectively.

Fig. 6. Cumulative distribution function and association with disease

duration of CD211CD382 B cells. (a) The calculated (normal)

frequency of CD211CD382 B cells in healthy controls (HC) and the

actual frequencies of CD211CD38– B cells in HC and myalgic

encephalomyelitis/chronic fatigue syndrome (ME/CFS) patients were

plotted in a cumulative distribution function graph. Distribution is

divided into three tertiles, as shown by the same shading in each

graph. (b) The percentage of CD211CD382 B cells in ME/CFS

patients were plotted against disease duration. Each symbol

represents one individual: dashed lines represent cut-offs for tertiles.

Statistical significance was calculated using linear regression and

Pearson’s correlation coefficient is shown.

Table 4. Comparison of frequencies of %CD211CD38– B cells in

healthy controls (HC) and myalgic encephalomyelitis/chronic fatigue

syndrome (ME/CFS) patients.

Tertile

HC

(n 5 32)

ME/CFS

(n 5 38)

Odds ratio

(95% CI) P-value

1 (<14�8) 40�6 27�8 1�00 –

2 (14�8–20�3) 40�6 27�8 1�00 (0�31–3�21) 1�00

3 (>20�3) 18�8 44�4 3�47 (0�99–12�09) 0�05*

1 1 2 versus 3

(�20�3
versus >20�3)

3�47 (1�15–10�46) 0�03*

*Significant (P < 0�05). CI 5 confidence interval.
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not used before in ME/CFS phenotyping, confirmed the lit-

tle overal difference in B cell subsets found in earlier stud-

ies, stating that our most important findings were found by

using extended markers. We have tentatively identified sub-

groups of patients on the basis of B cell phenotype and dis-

ease duration. Retention of CD24 and CD21 within B cell

subsets may have implications for changes in thresholds for

B cell differentiation. If confirmed in other patient cohorts,

these results may provide a possible platform for functional

studies and to follow disease course over therapy.
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Fig. S1. (a) Frequency (%) of CD27 on CD191 B cell

subsets from healthy controls (HC) (n 5 31) and myalgic

encephalomyelitis/chronic fatigue syndrome (ME/CFS)

patients (n 5 35) in subsets defined by immunoglobulin

(Ig)D/CD38 and (b) frequency of CD27 on CD211CD38–

B cells (box and whiskers). Each symbol represents one

individual: bars represent median values.

Fig. S2. Frequency (%) of B cell activating factor (BAFF)-R

on CD191 B cell subsets in healthy controls (HC) (n 5 32)

and myalgic encephalomyelitis/chronic fatigue syndrome

(ME/CFS) patients (n 5 36) as defined by relative expression

of immunoglobulin (Ig)D/CD38. Each symbol represents one

individual: bars represent median values.

Fig. S3. (a) Frequency (%) of CD21 and (b) CD23 on

CD191 B cell subsets in healthy controls (HC) (n 5 32)

and myalgic encephalomyelitis/chronic fatigue syndrome

(ME/CFS) patients (n 5 36) as defined by relative expres-

sion of immunoglobulin (Ig)D/CD38. Each symbol repre-

sents one individual: bars represent median values.

Fig. S4. Frequency (%) of CD5 on CD191 B cell subsets

in healthy controls (HC) (n 5 32) and myalgic encepha-

lomyelitis/chronic fatigue syndrome (ME/CFS) patients

(n 5 36) as defined by relative expression of immuno-

globulin (Ig)D/CD38. Each symbol represents one indi-

vidual: bars represent median values.

Fig. S5. Frequency (%) of immunoglobulin (Ig)M on

CD191 B cell subsets in healthy controls (HC) (n 5 27)

and myalgic encephalomyelitis/chronic fatigue syndrome

(ME/CFS) patients (n 5 32) as defined by relative expres-

sion of IgD/CD38. Each symbol represents one individual:

bars represent median values.
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